Abstract Prosthetic joint infections represent a major therapeutic challenge for both healthcare providers and patients. This article reviews the predisposing factors, pathogenesis, microbiology, diagnosis, treatment, and prophylaxis of prosthetic joint infection. The most optimal management strategy should be identified on the basis of a number of considerations, including type and duration of infection, antimicrobial susceptibility of the infecting pathogen, condition of infected tissues and bone stock, patient wishes, and functional status.
Introduction
Prosthetic joint infection (PJI) is a devastating complication of orthopedic joint implantation. The incidence of PJI is 1 %-2.5 % for primary hip or knee replacements and 2.1 %-5.8 % for revision surgeries [1] [2] [3] . The cost of treating such an infection is estimated to be>$50,000 per episode [4] . Revision procedures that are performed because of infection are associated with a longer operative time, more blood loss, greater number of complications, and greater healthcare costs than are revision surgeries done for aseptic loosening or primary arthroplasty [5] . The mortality associated with surgical intervention for such an infection is low, but the degree of morbidity is quite overwhelming. Successful treatment of PJI is usually difficult and often involves multiple surgical interventions plus prolonged antibiotic course(s).
Risk Factors
Risk factors for PJI that have been identified in cohort or case-control analyses include recent bacteremia, surgical site infection, trauma to the prosthetic joint, prior PJI, a National Nosocomial Infection Surveillance (NNIS) score of one or two, concurrent malignancy, prior total hip arthroplasty (THA), presence of constrained and hinged knee prosthesis, revision surgery, procedure duration, steroid therapy, obesity, presence of rheumatoid arthritis, recurrent urinary tract infections, diabetes mellitus, and lower socioeconomic status [4, [6] [7] [8] [9] [10] [11] [12] [13] [14] .
Once an infection is diagnosed, a number of therapeutic approaches may be adopted. The selection of a particular approach depends on host factors (age, baseline mobility, comorbidities, etc.), virulence and antimicrobial susceptibility of the infecting organism, duration of infection, prosthesis factors (stability of implant, loss of bone stock and soft tissue because of previous surgeries or infection), and patient expectation. In general, whenever feasible, it is recommended to remove the infected hardware, treat with antibiotics, and then undergo reimplantation. However, as is discussed below, there are some clinical scenarios that warrant other types of surgical intervention.
Pathogenesis and Microbiology
An implant may be seeded with pathogenic organisms during surgery, in the perioperative period, or by means of bacteremia. Generally, early infections (i.e., within 3 months of the initial surgery) are due to perioperative inoculation, whereas late infections tend to occur due to hematogenous seeding of the prosthesis or through compromised local tissues. Regardless of the method of joint contamination, the end result is the production of a biofilm on the prosthesis surface. A biofilm is composed of organisms adherent to the underlying prosthesis and encased within a polysaccharide matrix. It is characterized by low cell turnover, protection from host immune responses, and antimicrobial resistance [15, 16••] . The presence of the biofilm makes it difficult to treat such infections with antibiotics alone, and thus, surgery is usually required in order to cure the infection.
Over half of the cases of PJI are caused by staphylococci, including both Staphylococcus epidermidis and S. aureus [17] . Recent trends suggest that about half of the S. aureus isolates are resistant to methicillin, which are associated with a higher rate of treatment failure than methicillinsensitive S. aureus (MSSA) [18, 19] . Other bacteria and fungi make up the remainder of cases, with occasional episodes of mycobacterial infection. Approximately 20 % of PJI cases are polymicrobial, generally involving staphylococci, and about 7 % are culture negative [20••] . Not unexpectedly, prior receipt of antimicrobials is associated with increased rate of culture negativity [21] .
Diagnostic Methods
Traditionally, the diagnosis of a PJI is made by the presence of at least one of the following criteria: (1) acute inflammation noted on histopathological examination of periprosthetic tissue, (2) presence of a sinus tract communicating with the prosthesis, (3) gross purulence in the joint space, and (4) isolation of the same organism from two or more cultures of joint aspirates or intraoperative periprosthetic tissue specimens [20••] . To achieve optimal sensitivity, antibiotics should be discontinued at least 2 weeks prior to microbiologic testing. Cultures of sinus tract exudates should not be performed, since they have poor correlation with surgical cultures and generally represent colonization of the tract [20••] . At least five or six periprosthetic surgical specimens should be obtained to increase the yield [22] .
A recent clinical trial showed that sonication of the prosthesis followed by culture of the sonicate fluid is more sensitive than culture of periprosthetic tissue (78.5 % vs. 60.8 %, p<.001) [17] . This test, however, has not been widely implemented in clinical laboratories as of yet. Another method for increasing the diagnostic yield of microbiologic specimens is to inoculate joint aspirate fluid into blood culture bottles, rather than directly plating them on agar plates [23] . Subclinical infection, diagnosed by a positive culture of polymethylmethacrylate (PMMA) cement spacer sonicate prior to the patient's undergoing the second stage of a two-stage exchange for a PJI, was associated with clinical failure of the replacement prosthesis [24] . C-reactive protein (CRP) and erythrocyte sedimentation rate (ESR) have been clinically utilized to help support the diagnosis of a PJI. A recent study analyzed preoperative CRP and ESR prior to removal of the orthopedic implant and found that CRP was significantly different in patients with aseptic failure versus infection of the knee, hip, shoulder, and spinal implants [25] . ESR was significantly elevated in patients with infections of the knee, hip, and spinal implants, but not in those with shoulder arthroplasties. The combination of normal CRP and ESR predicted the absence of infection in 94 %, 94 %, and 91 % of patients embarking on removal of the knee, hip, or spinal implant, respectively [25] . However, the levels of CRP and ESR prior to the second surgery of a two-stage exchange because of a previously infected knee arthroplasty did not exhibit a predictive pattern indicative of infection. Synovial fluid WBC count was not predictive of persistent infection either [26] .
There are conflicting reports regarding improved diagnostic accuracy of PJI with the use of various molecular techniques. According to a recent publication, 16 S rRNA gene real-time polymerase chain reaction (PCR) of periprosthetic samples did not identify more cases of septic prosthetic loosening than did culture of adequate periprosthetic biopsies [27] . PCR hybridization of sonicate fluid increased the microbiologic yield by 10 % in another study, but it is unclear whether that finding reflects a true enhancement in the diagnosis of infection or represents a false-positive result [28] .
Management Strategies
The primary goal of treatment is a pain-free and functional joint. Prosthesis stability is a prerequisite for achieving this goal, and, in general, an unstable prosthesis will need to be replaced. Once an infection is diagnosed, various therapeutic strategies can be considered. The choice of a particular approach depends on host factors (age, baseline mobility, comorbidities), virulence and antimicrobial susceptibility of the infecting organism, duration of symptoms, and prosthesis factors (stability of implant, condition of periprosthetic bone and tissue). In general, it is recommended to remove the infected hardware whenever indicated and feasible, treat with antibiotics, and then undergo reimplantation. Figure 1 shows a suggested algorithm for the management of an infected prosthetic joint [20••] .
Various strategies of surgical management have been utilized over the years. Below are the most commonly utilized strategies, listed in the order of decreasing invasiveness.
1. Two-stage exchange. This most commonly utilized approach has been the traditional gold standard in the treatment of infected total hip and knee arthroplasties for several decades [29, 30] . When a two-stage revision approach is embarked on, the infected prosthetic joint (and cement, if present) is first surgically removed, and an antibiotic-impregnated joint spacer that contains PMMA is usually placed. Bioresorbable polymers, such as silica-calcium phosphate nanocomposite and microporous calcium phosphate, are being investigated as a novel method of local antibiotic delivery [31, 32] . In patients with extensive infection, antibiotic-impregnated beads may be used as well. After treatment for 4-6 weeks with systemic antibiotics that are chosen on the basis of antimicrobial susceptibilities, the joint spacer is removed, and a new prosthetic joint is placed [29, 30, 33, 34] . This two-stage protocol is successful in treating 84 %-96 % of patients with infected THA [35] [36] [37] [38] [39] and 84 %-97 % of subjects with infected total knee arthroplasty (TKA) [39] [40] [41] .
Unfortunately, treatment regimens for infection by resistant organisms are less successful. Of 38 patients with methicillin-resistant S. aureus (MRSA) infection of THA who were treated with a two-stage exchange, 21 % had recurrent infection requiring further revision surgery [19] . Use of antibiotic-loaded articulating spacers in the case of infected TKA is associated with an 88 % cure rate and improvement in quality-of-life measures [42] .
A few studies have examined the role of a shorter duration of intravenous antibiotics between the two stages in an effort to shorten hospital stay, decrease medical costs, and enhance patient discomfort and mobility. Placement of an antibiotic-loaded cement spacer during the first surgery, followed by a 1-to 2-week course of intravenous antibiotics between the two surgeries, allowed successful treatment (89 %-93 %) of infected THA [43, 44] . The role of joint aspiration and/or intraoperative frozen section prior to reimplantation has not been systematically studied. Retrospective analyses of the role of intraoperative frozen sections at the time of reimplantation in patients with previously infected joint arthroplasties displayed a sensitivity of 25 % and a specificity of 98 % in diagnosing persistent infection [45] . Another approach, consisting of joint aspiration 4 weeks after the completion of a 6-week course of intravenous antibiotics following resection arthroplasty for infected prosthetic knee joints led to positive prerevision cultures in 3/34 patients [46] . These patients were retreated with another 6-week course of intravenous antibiotics prior to revision surgery, and none developed a subsequent infection. False-negative results are common if joint aspiration is done within 2 weeks of completing the antibiotic course [47] . 2. One-stage exchange. This strategy comprises removal of the prosthetic joint and cement, thorough debridement of infected tissues, and the placement of a new prosthesis during the same surgery. A recent publication prospectively studied 84 patients with infected THA who underwent either a one-stage exchange (n038) or a two-stage exchange (n046). A one-stage exchange was performed if the infecting organism was known prior to the surgery and bone loss on preoperative imaging was considered minor by the surgeon. All patients received 6 weeks of intravenous antibiotics, followed by 6 weeks of oral antibiotics. The initial infection was cured in 38 patients (100 %) in the one-stage group and all but 1 patient (97.8 %) in the two-stage group [48] . 3. Debridement and retention of the infected implant. This plan is generally associated with a poor success rate. Recent retrospective reviews of 246 cases of PJI noted an overall failure rate of 57 %-81 % [49] [50] [51] . The presence of staphylococci (which were the predominant type of infections) and type of treatment (retention vs. removal) predicted failure [49, 51] . However, details of antibiotic regimens were not routinely available. Generally, debridement and retention of the prosthesis is advisable only in a carefully selected patient population (as delineated in Fig. 1 ). The likelihood of a successful debridement and retention approach is higher in patients with a short duration of symptoms prior to surgery (ranging from 2 to 21 days), a stable and functioning prosthesis, absence of a sinus tract, duration of infection within 30 days of the index arthroplasty, and infection by organisms other than S. aureus, especially MRSA [52] [53] [54] [55] [56] [57] [58] [59] [60] . A 3-month (for hip arthroplasty) to 6-month (for knee arthroplasty) oral course of a combination of a quinolone (or another oral antibiotic that is active against MRSA) and rifampin (retains its antimicrobial activity against biofilm-embedded organisms more so than most other antibiotics), if possible, is advisable in such cases. The efficacy of this approach was shown in a randomized clinical trial that had a success rate of 100 % among recipients of ciprofloxacin/rifampin versus 58 % in the ciprofloxacin/placebo group [61] . Even though the study used ciprofloxacin, we believe that any quinolone that is active against a particular S. aureus isolate can be used. 4. Long-term antimicrobial suppression. This approach, which is not curative in intent, is recommended only in patients who are not surgical candidates. Use of rifampin, if possible, is recommended in combination with another active agent, such as a quinolone, trimethoprim-sulfamethoxazole, and minocycline, to prevent development of rifampin resistance when used alone [62] [63] [64] . 5. Fusion. When infection control is not feasible, at times the entire prosthesis is removed, and the joint is fused, such as in a knee arthrodesis [20••] . This procedure is preferable to resection arthroplasty, since patients can still remain ambulatory, but does require preservation of bone-stock. 6. Resection arthroplasty. In extreme cases when infection is not controllable by the means described above, a resection arthroplasty may be performed. This procedure comprises excision of all foreign and infected material, and the joint space is allowed to fill with scar tissue. Most patients generally remain nonambulatory. The Infectious Disease Society of America (IDSA) clinical practice guidelines for the diagnosis and management of prosthetic joint infections are being finalized.
Antimicrobial Prophylaxis
Advisory statements from the American Association of Orthopaedic Surgeons and National Surgical Infection Prevention Project recommend routine antimicrobial prophylaxis for joint replacement surgery to minimize the risk of infection [65, 66] . Cefazolin or cefuroxime is routinely used, with the recommendation that vancomycin can be administered in patients with β-lactam allergy, those with colonization by MRSA, or those at high risk of developing an MRSA infection. Prophylactic antibiotic should be started within 1 h (unless the infusion period of the selected antibiotic is much longer) of the surgical incision and completed within 24 h. A recent article highlighted the fact that in 63 % of 163 patients with prosthetic joint infections developing mainly within 3 months of the index arthroplasty, the infecting organism was resistant to the antibiotic used for surgical prophylaxis [18] . In this study, MRSA was isolated from 45 % of all cases of PJI. The area of antimicrobial prophylaxis for joint implantation is evolving, and local epidemiologic patterns of infection are useful when making institutional recommendations.
The use of antimicrobial prophylaxis prior to invasive procedures in patients with indwelling arthroplasty is controversial. The American Academy of Orthopedic Surgeons published an information statement in 2009 that recommends that clinicians consider antibiotic prophylaxis for all total joint replacement patients prior to any invasive procedure that may cause bacteremia [67] . A position paper from the American Academy of Oral Medicine noted that the risk of patients' experiencing drug reactions or drug-resistant bacterial infections and the cost of antibiotic medications alone do not justify the recommendation for dental patients [68] . A recent case-control study concluded that dental procedures were not risk factors for subsequent total hip or knee PJI and that the use of antibiotic prophylaxis prior to dental procedures did not decrease the risk of subsequent total hip or knee infection [69••] .
Conclusions
The infected prosthetic joint remains a challenging problem. The morbidity associated with this infection is high, management is expensive, and it can lead to a long and difficult course of recovery. The management of each patient needs to be individualized. Recent advances in the diagnosis and treatment, as highlighted in this review, have the potential of improving outcome of PJI.
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